Deep convective cloud top heights and their thermodynamic control 
during CRYSTAL-FACE 

Steven C. Sherwood 

Department of Geology and Geophysics, Yale University, New Haven, CT, USA 
Patrick Minnis 

NASA/Langley Research Center, Hampton, Virginia 
Matthew McGill 

NASA/Goddard Space Flight Center, Greenbelt, Maryland 


Short title: CLOUD TOP HEIGHTS 


2 


Abstract Infrared (II /im) radiances from GOES-8 and local radiosonde profiles, 
collected during the Cirrus Regional Study of Tropical Anvils and Cirrus Layers- Florida Area 
Cirrus Experiment (CRYSTAL-FACE) in July 2002, are used to assess the vertical distribution 
of Florida-area deep convective cloud top height and test predictions as to its variation based 
on parcel theory. The highest infrared tops (Zn) reached approximately to the cold point, 
though there is at least a 1-km uncertainty due to unknown cloud-environment temperature 
differences. Since lidar shows that visible “tops” are 1 km or more above Z n , visible cloud 
tops frequently penetrated the lapse-rate tropopause (~15 km). Further, since lofted ice 
content may be present up to ~ 1 km above the visible tops, lofting of moisture through the 
mean cold point (15.4 km) was probably common. Morning clouds, and those near Key 
West, rarely penetrated the tropopause. Non-entraining parcel theory (i.e., CAPE) does not 
successfully explain either of these results, but can explain some of the day-to-day variations 
in cloud top height over the peninsula. Further, moisture variations above the boundary layer 
account for most of the day-to-day variability not explained by CAPE, especially over the 
oceans. In all locations, a 20% increase in mean mixing ratio between 750 and 500 hPa was 
associated with about 1 km deeper maximum cloud penetration relative to the neutral level. 
These results suggest that parcel theory may be useful for predicting changes in cumulus cloud 
height over time, but that parcel entrainment must be taken into account even for the tallest 
clouds. Accordingly, relative humidity above the boundary layer may exert some control on 
the height of the tropical troposphere. 
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Z, , colocated with the lidar retrievals lies a. least 1 km below /„„( 1). Those authors were and lime as follows ' For the KW re S’° n ' the Ke * West soundln B laken at “* nearest ava,lable 

unable to explain this discrepancy, but both studies noted that it was common to more than one observing time was used; for the PEN region, the soundings from Miami, the Western Ground 

infrared imager, so it is unlikely to be an instrument problem. site ' and Tam P a at ,he nearesl available observin * time wcre avera * ed; and for the FAGA 

Taken together, these facts indicate that true “cloud top" (defined in terms of visible re 8 ion ' ad four stati ™ s were averaged. The temperature profile for FAGA is therefore not 



expected to faithfully represent details of local atmospheric stability and CAPE. However, profile was identical except starting 40 hPa below the WMO tropopause, found to be a 

since contemporaneous temperatures above the boundary layer did not differ much among the sufficient distance so that the the lapse rate is fairly close to an adiabat and cloud buoyancies 

stations, significant cloud height errors are unlikely from temperature variability, and should are more likely to be neutral. Finally we consider a “setniadiabatlc profile which is just the 
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1 km to each estimated height, we are loath to do this without understanding the error better. LMO of a non-entraining parcel. However, given the apparent tendency of GOES to saturate 

Future work with MISR, 1R, and laser altimeter data will undoubtedly reveal more about the toward the tallest clouds, it is hard to rale out very deep cloud penetrations with certainty, 

nature of these errors. In the Key West (KW) region, the Z\ i histogram resembles that over the peninsula except 


2 

K. 


£ S 


e «2 5 

« IS * 


1 & 
C U 

1 ? 


s 


5 o 

— . U 

ea ss 

*"* O 

■s 

u s ! 

E O u. 

C u 

44 > 

~ >» O 

§ § s 


1 1 
u s 

e ~ 


£ % 

tn 

2 g 

g 8. 

u 


ec 2 

§ $ 


DO C 

c .2 


£ 


> S 
£ « 
O- £ 


-o 2 a 


•= * 
O o 


f I 


CQ « 
Z £ 
-J u 

a * 
5 .1 
u I. 

«j T3 

5P 75 


•C o. 
•S3 o 

| f 

-s -s 

U 

.3 o 
°r «2 


■= 43 -O 33 


cn u 

•o 


« £ 


— 

*S r 


2 "§ 

5 J2 


£ 

*vS 


5 ^ 


2 -5 


2 ’5 

a. J 2 

a> o 

•a *- 

dj CO 

s £ 

to •> 

*£. Pn 

Qu CJ 

H & 

43 


I I 


s 

•5 




3 .3 

Q = 


<U .3 
8 » 


43 3 

O 

I £ 


I i 


3 5 

eB u 


2 *5 


■i B 


S 8 

DO 

C o 

2 -S 


8 . 

<u 

■s 


> ca 
' T3 
DQ 


§ w 

5 I 

5 U 


‘3 S <= 


OB 3 S 


-S e 


.2 « u 

DO CL 3 

2 = 


1 s 


s- 2 


o 2 g J2 


J * 

*0 >, 

1 3 

8 ° 

1 1 I 

cr 3 o 

7? .2 3 


1 i 


r e 


S £ ■£ 8 


* m - 

= “ p 

3 j- c 

aJ 3 3 

c« 3T 33 

2 Q CJ 


s s 

00 c 

Urn s> 

•5 « « 

e £ oj 

0 o CL 

1 I ! 

00 > !2 

« f 2 

*-> 3 -s 

§ 1 i 


s £ 
o *2 

s 1 

^ 3 


5 •S 


u. 

.c 

e 

I 

43 


O 

o 


* 

o 

£ 

J 


.2 » 

■S u 

I ^ 
S. u 
6 ^ 
3 S 


I i 


€ 'E 

'5 ? 


o a 

■S T3 


S. s 

ti ,!2 


Ilf 


> • — 

s 1 


33 4> — 


3 *2 C 


.2 >v o 

■S W CO 

^ 43 2 

3 00 ^ 

3 ^2. £ 


S C 59 « o ” 

E £ g •£ 8-8 


fca .2 


% *5 


S F-> 
M S 

3 e 

■s £ 


-53 g 

E E 


G. — 

■Z S a 

S 2 . .2 


8 . 

0 

is 

0 

s 

1 


2 

* 


i £ ~ 


S # 


O -S .5P 


I 


8 £ 


b 2 S 


£ i 

c ij 


C 

g 8 

jw aj 


« -s 


O « 


^ -5 
l a 


1 a 

2 s 


•3 




z 

B3 

CL 


ti £ 


C -2 


¥ 1 


<u c 00 

O- S 'S 

cn 

•O _ 

r a '§ 

W U CL 


*S 


I 4 

3 ^ 


" E S 
« 2 « 


7> E 


c e 

o Z 
'3 -J 


tops typically reached 1-2 km above the LNB. The LMO distribution peaked broadly near 100 over PEN. Thus, the huge diurnal variation in cloud height over land is not explained at all by 

hPa and reached as high as 19 km, greater than any observed height even taking biases into CAPE. The CAPE variations themselves are readily explained by solar heating and convective 

account, which probably indicates that no overshoots penetrated all the way to the theoretical effects, with an afternoon dip accompanying the downward transport of cool air by convection. 



The true explanation of the diurnal cycle in convective coverage and penetration evidently counterexamples (July 4 with high CAPE and modest Zn, for example, or the 14th where 

involves mesoscale dynamics. Sea-breeze fronts are created at the Florida coastlines, and the reverse occurred). Interestingly, while CAPE appears to minimize a day too early to 

propagate inward as density currents, eventually colliding and producing strong convection explain the low Z\\ on July 23, the 750-500 hPa moisture dips on just the same day as Z\\. 
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correlated with convective coverage. potentially canceling out the local boost. 

Most relevant to this study are those factors associated with convective penetration. If the LMO is included in predicting the cloud height, the mean value is estimated 

CAPE appears to increase penetration somewhat as expected, though there are a number of correctly over PEN and the correlation improves too (to r = 0.38). However, both the mean 





parcel buoyancies depends on the relative humidity or the entrained air. uur results ncrc arc the L nb and LMU, and aay-toaay nuciuauons iracKea muse ui uuui me wo a..u 

the first that we know of to report an apparent control of observed peak cloud-top heights by although with considerable scatter. The discrepancies were well explained by humidity 

moisture above the boundary layer. variations just above the boundary layer (750-500 hPa). Thus, we found no evidence of 

significant day-to-day changes in the CAPE utilization efficiency other than those associated 



with moisture entrainment. Having said this, moisture effects appear to be significant: we find our results by making use of sufficient quantities of direct information on cloud height from 

that a 20% decrease in humidity above the boundary layer reduces peak cloud heights by about stereoscopic or active sensors, 

one kilometer, for a given (non-entraining parcel) LNB. This is true also over oceans, where 

Acknowledgments. We thank Heidi Zeleznik and Jung-Hyo Chae for help with data analysis. 
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All conclusions here rest upon the behavior of thermal cloud heights, which we are forced 
to assume are representative of the behavior of visible top heights despite the substantial 
(and, as yet, unexplained) bias between the two. Future studies may be able to improve on 
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0.290 r=0.259 




km of height difference, and the dashed line is drawn through the centroid of the points with a slope of 
0.2 times the mean y-axis value per kilometer. Note that FAGA moisture data are from coastal Florida 
and will be less representative than those for the other regions. 





